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Introduction
The global epidemic of obesity is responsible for numerous chronic complications including non-alcoholic fatty liver disease (NAFLD). 1 Whereas NAFLD affects up to 25% of the world population, non-alcoholic steatohepatitis (NASH) is present in 1.5-6.45% of the world population. 2 In severely obese individuals, the prevalence of NAFLD can reach 80-92%, with NASH occurring in 15-30% of patients. 3, 4 With such a high number of patients, the development of non-invasive markers is needed to effectively screen for liver injury.
Although several non-invasive blood or physical tests (such as measurement of liver stiffness by elastography) have been developed for liver fibrosis over the past 15 years, the non-invasive diagnosis of NASH remains a challenge, especially in routine practice. 5 Currently, no non-invasive test for the screening or the diagnosis of NASH has emerged that has good diagnostic performance. 6 Fibrosis has indeed been shown to be the main predictor of liverrelated and global mortality and NASH is well recognized as the main driver of liver fibrosis. 7, 8 The presence of NASH is associated with the occurrence of type 2 diabetes (T2D) and cardiovascular complications, which are the main causes of mortality in patients with NAFLD without cirrhosis. 9, 10 Thus, there is an urgent medical need to develop non-invasive tests. 6 Indeed, screening for the presence of NASH is of interest even in patients with NAFLD and a low stage of fibrosis. To date, drug development mainly targets patients with overt NASH and significant fibrotic or cirrhotic NASH. 7 However, one can hypothesize that early screening of NASH among patients with NAFLD could lead to early lifestyle modification proposals and help in patient compliance. Indeed, 10% weight loss is well known to improve patient liver condition and decrease cardiometabolic risks.
(BS), since BS has been demonstrated to be beneficial for the liver. [12] [13] [14] However, liver biopsy, the sole tool to confirm the diagnosis of NASH, cannot be proposed to all at-risk patients. In the field of non-invasive tests, the main options are blood-based tests and physical tests. An emerging technology with the potential to meet these requirements is based on fiber evanescent wave spectroscopy (FEWS) performed in the mid-infrared (MIR) spectral domain. Ideally, using such technology, screening for NASH should be easily performed by the clinician, easily accepted by the patient, reliable and cost-effective.
FEWS records a broad metabolic profile from a drop of serum that is placed on a chalcogenide glass fiber optic sensor on the basis of a MIR absorption spectrum. 15 MIR spectroscopy is based on the ability of organic molecular chemical bonds to undergo vibrational transition in the MIR region and to generate absorption bands in specific and thus assignable frequency ranges. An evanescent wave is the part of the electromagnetic field that propagates at the surface of a fiber when the infrared (IR) beam is internally reflected at the fiber/air interface; this evanescent wave is absorbed by the chemical groups that are in close contact with the fiber. Thus, merely placing a biological sample in contact with the fiber allows one to resolve an absorption spectrum at the fiber output. The spectrum reflects the organic molecular composition of the whole sample, thus providing a metabolic fingerprint. 16 Many bio-spectroscopic studies have demonstrated the potential of MIR spectroscopy for medical diagnosis, generally using tissue, 17 yet more recently also using biofluids like serum, 18, 19 plasma, 20, 21 and tears. 22 In hepatology, pilot studies have unveiled the relevance of MIR spectroscopy for the diagnosis of liver or bile duct cancer, or for the prognostic evaluation of decompensated cirrhosis. [23] [24] [25] [26] [27] The aim of this study was to identify the relevance of FEWS technology to identify obese patients with or without NASH using a comparison approach between this novel technique and liver biopsy-based NASH diagnosis.
Patients and methods

Patient inclusion
Three hundred and ninety-five consecutive severely and morbidly obese patients referred for bariatric surgery to the University Hospital of Nice, were included in the study between January 2006 and July 2012. These patients were indicated for bariatric surgery in agreement with French guidelines and the 1991 NIH Consensus Conference guidelines for gastrointestinal surgery for obesity. 28 , 29 The study protocol was performed according to French legislation regarding Ethics and Human Research and was approved by the local Ethics Committee (Huriet-Serusclat law, DGS 2003/0395). Written informed consent was obtained from all patients. All patients were negative for hepatitis B and C viral markers, for autoantibodies indicative of autoimmune hepatitis, and had negligible alcohol consumption (<20 g/day in women and <30 g/ day in men). Alcohol abuse was also excluded by interviewing the patients' relatives. Patients with a history of inflammatory disease (including rheumatoid arthritis, systemic lupus erythematous, and inflammatory bowel disease), current infection, a recent history of cancer (<5 years), and severe pulmonary or cardiac disease were not enrolled in the study.
Surgical liver biopsy was obtained during the operation for all patients, as previously reported. 30 
Preoperative assessment
The data included in this study are issued from a prospective cohort of morbidly obese patients undergoing bariatric surgery at our tertiary bariatric referral center at a time when patients had no preoperative diet restriction, or other preoperative treatments (such as omega-3 fatty acids for example) that may have interfered with the evolution of NAFLD. Clinico-biological preoperative assessment was performed 2 to 3 weeks before surgery and included: a medical history and physical examination, blood pressure analysis, anthropometric measurements (weight, height, waist circumference), psychiatric and nutritional evaluation, blood samples obtained after overnight fasting for determination of plasma levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyltransferase (GGT), glucose, insulin, C-peptide, glycosylated hemoglobin, triglycerides, high-density lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol. ALT and AST levels were determined using the Roche assay with pyridoxal phosphate on a Hitachi Modular according to the International Federation of Clinical Chemistry and the Société Française de Biologie Clinique recommendations. In our center, the upper limit of normal ALT was 31 IU/L for women and 41 IU/L for men. Glycosylated hemoglobin was determined with the Biorad Dual kit A1c on a Variant 2 Biorad (Biorad, USA). All patients also had a chest X-ray, electrocardiogram, abdominal ultrasound and upper gastrointestinal endoscopy. Metabolic syndrome was defined as the presence of at least 3 of the following parameters: elevated waist circumference (≥94 cm in men or ≥80 cm in women), elevated blood pressure (systolic blood pressure ≥130 mmHg or diastolic blood pressure ≥85 mmHg or antihypertensive drug), elevated blood glucose (≥100 mg/dl or antidiabetic drug), elevated triglycerides (≥150 mg/dl or lipidlowering drug), and low HDL cholesterol (<40 mg/dl in men or <50 mg/dl in women or lipid-lowering drug). 31 Notably, all obese patients who were candidates for bariatric surgery had a waist circumference above the defined threshold for metabolic syndrome. Type 2 diabetes was defined by 2 elevated measurements for fasting plasma glucose ≥7 mmol/L. Serum was collected from each patient and immediately stored at -80°C.
Liver assessment
Hepatic wedges were obtained during bariatric surgery by surgeons specialized in liver surgery and transplantation (AI and JG). Hepatic wedges were at least 10 mm long. Surgical liver biopsies were reviewed by 1 liver pathologist (SP), blinded regarding the clinical or biological characteristics of the patients. Routine haematoxylin-eosin-safran and Sirius red staining was performed on all biopsies. Biopsies were graded according to the NAFLD activity score (NAS) 33 and the steatosis, activity and fibrosis (SAF) score. 34 The diagnosis of NASH was retained in patients with steatosis grade ≥1 + lobular inflammation grade ≥1 + ballooning grade ≥1 (according to the SAF score). Liver fibrosis was assessed by Sirius red staining and was classified into 7 stages according to the NASH Clinical Research Network Scoring System Definition and Scores as follows: F0: no fibrosis, F1a: mild zone 3 sinusoidal fibrosis, F1b: moderated zone 3 sinusoidal fibrosis, F1c: peri-portal sinusoidal fibrosis, F2: zone 3 sinusoidal fibrosis and peri-portal sinusoidal fibrosis, F3: bridging fibrosis, F4: cirrhosis.
32,34
Research Article Follow-up cohort Ten patients with NASH at baseline, as determined by liver biopsy, were contacted and had an additional liver biopsy to follow changes in the liver pathology after bariatric surgery. Clinico-biological data and serum were collected at the time of the follow-up liver biopsy. Diagnostic performance of the MIR spectroscopy was also assessed.
Fiber evanescent wave spectroscopy Acquisition of spectra The MIR spectra were recorded using a DIAFIR SPID TM FT-IR spectrometer (Rennes -France). The FTIR absorption spectra were acquired in the 4,000-600 cm -1 frequency range. The nominal spectral resolution was set to 4 cm -1 and a zero-filling factor of 2 was employed, yielding a discrete spectral point spacing of 2 cm -1 . A Blackman Harris 3-term apodization function was used for Fourier transformation. For each spectrum, 64 scans were co-added.
For spectral acquisition, a disposable FEWS infrared sensor was placed in the spectrometer, the background signal was recorded in air, and 7 μl of serum was deposited on the sensor. The serum spectrum was acquired 8 min after deposition to obtain an accurate signal and remove excess water that can screen some infrared bands of interest.
All measures were made on thawed sera samples collected before surgery.
Pre-treatments MIR spectra were pre-processed and analyzed in the 3,800-950 cm -1 frequency domain, where most of the biomolecules are apparent. Several signal quality parameters (signal intensity, signal to noise ratio, water vapor) were measured and validated, and data homogeneity (outlier identification) was visually checked. A straight line was generated from 2,800 to 1,800 cm -1 to eliminate the contribution of environmental CO 2 . Second derivatives were calculated, smoothed using a 13-point SavitzkyGolay smoothing algorithm, and vector normalized over the whole spectral range.
Statistical analysis of spectra
The statistical analyses of spectra aimed to discriminate patients without NASH from those with NASH.
Spectral analysis required the number of spectral variables (i.e., wavenumbers) to be reduced from a few hundred to approximately a dozen, to minimize the influence of noisy and/ or redundant variables. The population was randomly separated into 2 groups: the training group (4/5 of the cohort, 316 patients) and the validation group (1/5 of the cohort, 79 patients) and the sets were compared to make sure that there were no significant differences in clinical and histological features (Table 1) . Wavenumber selection and optimization were performed with the sole training group to limit the overlearning risk. The spectrometric curves (vector normalized second derivatives) were first projected on a Spline basis to reduce the dimension of the data and smooth the curves. Variable selection was then performed on the Spline coefficients, with a stability selection procedure based on repetition of random forest variable selection 35 with subsamples of the training set. For each run of the stability selection procedure a subsample containing 4/5 individuals from the training set was selected and a random forest regression performed. The most important variables, according to the decrease in the Gini index (a multivariate measure of variable importance of the random forest), were collected. 36 These steps were repeated 200 times, and the variables that were finally retained were those with the highest probability of selection. Once the optimized wavenumber set (20 variables) was defined, a mixture of a logistic regression model was built using this set with the training population, and the performance was checked on the validation population.
The best threshold was that which provided the best association between sensitivity and specificity for the screening of NASH. All the statistical analyses were performed with the R statistical software. Algorithm performances of the MIR spectroscopy model were estimated according to the area under the ROC curve (AUROC), sensibility, specificity, negative predictive values and positive predictive values at the best threshold.
Elaboration of a model using clinico-biological and spectral data to diagnose NASH Clinical and biological variables are given as the median and the standard deviation. All variables were tested for a normal distribution with the Shapiro-Wilk test. Comparisons were made using the Student's t test for normally distributed data or with the Mann-Whitney U test. Nominal data were tested using the 
Results
Characteristics of the patients Three hundred and ninety-five patients were included. Sixty-six of these patients had NASH (17%). The cohort was randomly split into 2 groups to obtain a training group (4/5 of the overall cohort, including 53 patients with NASH and 263 patients without NASH) and a validation group (1/5 of the overall cohort, including 13 patients with NASH and 66 patients without NASH). As mentioned in the patients and method section, the training and validation groups were similar for all clinicobiological variables ( Table 1 ). The patient characteristics of the overall cohort are shown in Table 2 .
As expected, AST, ALT, GGT, blood glucose, insulin, glycosylated hemoglobin, triglyceride level, waist circumference and the prevalence of metabolic syndrome were higher in patients with NASH compared to patients without NASH. HDL cholesterol levels were lower in patients with NASH compared to patients without NASH. The grade of steatosis and stage of fibrosis were higher in patients with NASH.
Diagnostic performance of MIR spectroscopy for the diagnosis of NASH in severely obese patients at the time of surgery When comparing histological diagnosis of NASH to that obtained by MIR spectroscopy, the AUROC for the diagnosis of NASH were 0.82 and 0.77 for the training and validation groups, respectively (Fig. S1 ). The best threshold was 0.15, which was associated with a sensitivity of 0.75 and 0.69, and a specificity of 0.72 and 0.76, negative predictive values of 0.94 and 0.93, positive predictive values of 0.35 and 0.36. Finally, correctly classified patient rates of 72% and 75% were obtained for the training and validation groups, respectively ( Table 3) .
Association of the MIR spectroscopic score with the severity of liver pathology We next analyzed, in each group, the relationship between the MIR technology-based score and individual histological lesions defining NASH -steatosis, inflammation, ballooning -as well as with the NAS and the fibrosis level (Fig. 1) .
In the training group, despite large inter-individual variability, the MIR spectroscopic score was significantly higher in patients with steatosis S2 and S3 as compared to S0 and S1 (Fig. 1A) . The MIR technology score was also significantly higher in patients with either grade 1 or grade 2 inflammation compared to grade 0 (Fig. 1B) , as well as in patients with grade 1 ballooning compared to grade 0 (Fig. 1C) . A significantly higher MIR technology score was also found in patients with NAS ≥5 compared to patients with 3≤ NAS <5, and with NAS <3; and in patients with 3≤ NAS <5 compared to patients with NAS <3 (Fig. 1D) , as well as in patients with fibrosis grade 3 compared to grades 2, 1 and 0 (Fig. 1E) .
In the validation group, similar observations were made except for fibrosis, probably because of the limit number of patients in each stage (Fig 1F-J) .
Diagnostic performance of spectroscopy for NASH after surgery
The model was also applied to a group of 10 severely obese patients treated with laparoscopic Roux-en-Y gastric-by- ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; GGT, gamma-glutamyltransferase; HbA1c, glycated hemoglobin; HDL, highdensity lipoprotein; LDL, low-density lipoprotein; NASH, non-alcoholic steatohepatitis.
Quantitative values are displayed as median and interquartile range. pass who were followed for 5 (3-6.5) years after surgery. Clinico-biological data and liver pathology at baseline, and at the time of the liver biopsy, are shown in Table S1 . Initially all patients had NASH. At the time of the additional biopsy, only 1 patient had persistent NASH. The AUROC of the model was 0.81. The only patient with NASH was correctly classified. Among the 9 patients without NASH, 5 were correctly classified (Table S2 ). The individual variations of spectroscopy results in these 10 patients are presented in Fig. 2 .
Diagnostic performance of a composite model including spectroscopic and clinico-biological data
To improve the diagnostic performance, a new composite model was computed that also took clinico-biological data into account. The multivariate analysis and the clinical variable selection for the diagnosis of NASH were performed on the calibration set (see Table S3 for details of the differences between patients with or without NASH for the calibration set). Using a logistic regression model, the AST, triglyceride level and waist circumference were included, as they were the only independent parameters that were significantly associated with NASH in the training group (Table S4 ). The diagnostic values of a clinico-biological model that only used these 3 parameters are presented in Table S5 . A new composite model was therefore computed to diagnose NASH. The diagnostic performance is displayed in Table 4 . The AUROC were 0.88 and 0.84 for the training and validation groups, respectively (Fig. S2) . The best threshold was 0.13, which was associated with sensitivities of 0.80 and 0.67, specificities of 0.79 and 0.80, negative predictive values of 0.95 and 0.93, positive predictive values of 0.43 and 0.38, as well as correctly classified patient rates of 79% and 78% for the training and validation groups, respectively. Even if the AUROC were slightly higher in this composite model (0.88 and 0.84), compared to the sole spectral model (0.82 and 0.77), there was no statistical difference between them for the validation set (p = 0.09) due to the small sample size. However, we noted that there was a significant difference between the AUROC of these 2 models for the calibration set (p = 0.02). The bootstrap sampling confirmed these results (Table S6) .
Discussion
This clinical study using a newly developed technology demonstrated that FEWS performed in the MIR spectral domain is an encouraging method for the non-invasive diagnose of NASH in obese patients. The diagnostic performance, with good sensitivity and a very good negative predictive value, suggests that MIR technology could be used in routine care as a screening test for NASH.
Development of non-invasive tests for patients with NAFLD/ NASH remains a major challenge. 6, 38 Although numerous tests have been proposed for non-invasive assessment of fibrosis, no satisfactory test has yet been developed for the diagnosis and screening of NASH. In this context, FEWS performed with MIR provides several benefits: it is minimally invasive, easy both to perform and to interpret for the clinician, and provides a quick answer, almost at the bedside. Easy and rapid screening for NASH with this sensitive test offers several advantages, in the new area of personalized medicine: i) it identifies patients at a low risk of NASH, thus enabling clinicians to reassure these patients and propose a lighter follow-up dedicated towards prevention and efforts to control cardiovascular risk factors, which will also avoid nonuseful and potentially expensive complementary liver tests for these patients; ii) it will enable clinicians to focus on more aggressive care for patients diagnosed with NASH.
It might be anticipated that in the future, the MIR technology should be associated with other non-invasive tests dedicated to screening for the presence and/or severity of fibrosis in patients diagnosed with "NASH", since MIR technology displayed poor specificity and a low positive predictive value. For example, common liver fibrosis tests such as FIB-4 or the NAFLD fibrosis score, or the measurement of liver stiffness by elastography, could be performed to identify patients at a high risk of fibrotic NASH. 39 The precise potential contribution of the MIR spectroscopy model to the algorithm for the diagnosis of NASH and NASH with fibrosis will have to be determined in the future. The lack of a strong positive predictive value is a critical issue in noninvasive test development for fibrosis particularly for intermediate stages of fibrosis. 39 We combined clinico-biological variables to the spectral ones to improve the MIR spectroscopy model. Although we did not succeed in significantly improving the positive predictive value, we observed a significant difference between the AUROC of these 2 models, for the diagnosis of NASH, for the calibration set (0.88 vs. 0.82; p = 0.02). Moreover, the distribution of the AUROC values according to the bootstrap sampling showed that the performance of the composite model was higher and less variable.
The lack of positive predictive values probably originates from the low prevalence of patients with NASH in our cohort (17%), nevertheless concordant with other series studying severely obese patients referred for bariatric surgery. 40 This relatively low prevalence is particularly challenging for a diagnostic test.
This study is then the first to demonstrate the potential for FEWS to be performed with MIR for the diagnosis of NASH in severely obese patients. This is a monocentric study performed on a large number of well-characterized patients. All patients had a liver biopsy assessed by 1 pathologist (SP), which is the reference examination to classify the severity of NAFLD. A robust spectral method has been implemented to yield a model that allows patients with and without NASH to be detected using training and validation groups. Based on the current study, assessing the relationships between the different hepatic lesions and the MIR spectroscopic score, our data support the idea that serum metabolic alterations associated with inflammation and ballooning are critical in determining the score. This finding reinforces the potential interest of the test for the follow-up of patients and is in line with data that we obtained from the group of patients for whom the histological studies after post-bariatric surgery evolved in parallel to the decreasing score.
We nevertheless have a number of challenges to address. The relevance of this technology will have to be replicated and externally validated in several independent cohorts of severely obese patients. Accordingly, a European multicentric prospective study of severely obese patients is being developed to validate this technology and will start recruitment in the near future (NCT 03978247). Of course, validation in populations of patients with NAFLD outside bariatric surgery is required before transfer to clinical practice. So, the tests have to be extended for the diagnosis of NASH in overweight and moderately obese patients who represent most of the patients seen by hepatologists. Its interest in the sequential or parallel association with other non-invasive tests for fibrosis or fibrotic NASH screening will have to be defined. Finally, its potential interest for patients in diabetic clinics and/or in the general population will have to be assessed. Interestingly in our cohort, T2D status did not improve nor change the accuracy of this new non-invasive tool, suggesting that it could adequately screen for NASH in patients T2D. Mixed model associating spectral data with clinico-biological data for the diagnosis of NASH at the best threshold (0.13). AUROC, area under the receiver operating curve; NASH, non-alcoholic steatohepatitis.
Research Article
In conclusion, MIR-FEWS offers new opportunities to noninvasively assess the liver of severely obese patients, thereby providing a sensitive test to screen for NASH. Further multicentric studies are required to complete the clinical validation of this technology and to confirm its potential as a non-invasive test to detect NASH.
Abbreviations
ALT, alanine aminotransferase; AST, aspartate aminotransferase; AUROC, area under the receiver operating curve; BMI, body mass index; FEWS, fiber evanescent wave spectroscopy; FTIR, Fourier transform infrared; GGT, gamma-glutamyltransferase; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; HOMA-IR, homeostasis model assessment of insulin resistance; IR, infrared, LDL, low-density lipoprotein; MIR, midinfrared; NAFLD, non-alcoholic fatty liver disease; NAS, NAFLD activity score; NASH, non-alcoholic steatohepatitis; SAF, steatosis, activity and fibrosis; T2D, type 2 diabetes. Please refer to the accompanying ICMJE disclosure forms for further details.
Financial support
Conflict of interest
